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The study of the magnetic order has recently been invigorated by the discovery of exotic collinear

antiferromagnets with time-reversal symmetry breaking. Examples include altermagnets and compensated

ferrimagnets, which show spin splittings of the electronic band structures even at zero net magnetization,

leading to several unique transport phenomena, notably spin-current generation. Altermagnets demonstrate

anisotropic spin splitting, such as d-wave, in momentum space, whereas compensated ferrimagnets exhibit

isotropic spin splitting. However, methods to realize compensated ferrimagnets are limited. Here, we
demonstrate a method to realize a fully compensated ferrimagnet with isotropic spin splitting utilizing the
dimer structures inherent in organic compounds. Moreover, based on ab initio calculations, we find that
this compensated ferrimagnet can be realized in the recently discovered organic compound
(EDO-TTF-I),ClO,4. Our findings provide an unprecedented strategy for using the dimer degrees of
freedom in organic compounds to realize fully compensated ferrimagnets with colossal spin splitting.

DOI: 10.1103/PhysRevLett.132.156502

Introduction.—Collinear antiferromagnets have tradi-
tionally been viewed as conventional magnetic orderings
that lack unique phenomena such as spin-current gener-
ation. However, recent theoretical advances have identified
exotic collinear antiferromagnets with time-reversal break-
ing, notably altermagnets [1-3] and compensated ferri-
magnets [4]. These magnetic states exhibit spin splitting in
their electronic band structures even without net magneti-
zation. Because spin splitting may drive spin-dependent
novel transport phenomena and unconventional supercon-
ducting phases, these distinctive antiferromagnets have
attracted considerable attention.

Several materials have been proposed as candidates for
altermagnetism [3,5-13]. For example, k-ET-type organic
compounds [6] and transition metal oxide RuO, [8,10,14]
exhibit altermagnetism with anisotropic spin splitting in
electronic band structures. These materials are expected to
exhibit spin-dependent transport and anomalous Hall
effects owing to anisotropic spin splitting. In contrast,
compensated ferrimagnets offer isotropic spin splitting,
increasing efficiency for spin-current generation. The con-
cept of metallic compensated ferrimagnetism (half-metallic
antiferromagnetism) was introduced by van Leuken and de
Groot [15]. Since then, several candidate materials have
been suggested using ab initio calculations [16,17]. More
recently, monolayer MnF, was proposed as an insulating
compensated ferrimagnet [18]. Since the magnetic moment
of compensated insulating ferrimagnets is strictly zero
due to the Luttinger theorem [4], small perturbations do
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not change the compensation condition. In addition,
compensated ferrimagnets have lower crystal symmetry
than altermagnets [4]. Therefore, compensated ferri-
magnets have advantages over altermagnets, leading to
various potential applications, such as thin-film synthesis.
However, the number of compensated ferrimagnets dis-
covered experimentally is limited [19-22]. To harness the
compensated ferrimagnets, a simple method to realize them
is necessary.

In this Letter, we present a path toward fully compen-
sated ferrimagnets with colossal spin splitting using typical
dimer structures in organic compounds. Using a simple
one-dimensional model, we demonstrate that a collinear
antiferromagnetic order with inequivalent dimers can
induce fully compensated ferrimagnets. Furthermore, we
find that the recently discovered organic compound
(EDO-TTF-I),Cl04 [EDO-TTF-I = 4, 5-ethylenedioxy-4’-
iodotetrathiafulvalene] [23] can realize this mechanism
based on ab initio calculations. The experiments demon-
strate that (EDO-TTF-I),ClO, undergoes a structural tran-
sition with anionic ordering at 190 K. Below the structural
transition, unit-cell doubling occurs with the extended unit
cell containing two inequivalent dimers. By deriving and
solving the ab initio effective Hamiltonian for the low-
temperature phase of (EDO-TTF-1),Cl0,, we find that the
ground state is a collinear antiferromagnet with isotropic
spin splitting, i.e., a fully compensated ferrimagnet.

Simple model.—First, to show the key idea for reali-
zing the compensated ferrimagnets, we consider a
one-dimensional model whose unit cell contains two

© 2024 American Physical Society
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FIG. 1. (a) Schematic of a one-dimensional model showing the

compensated ferrimagnetism. The broken lines show a unit cell.
The interdimer hopping integral s and the intradimer hopping
integrals #; and ¢, are represented by the horizontal thin black
lines, the vertical thick red line, and the vertical thin blue line,
respectively. The up (down) spin polarizations are described by
the yellow upward (purple downward) arrows. (b) Band struc-
tures of the Hamiltonian defined in Eq. (2). We take #; = 1.0,
t, =0.6,5s =0.6,0 =0.2,and A = 1.5. For comparison, we also
show the band structures of the equivalent dimer case with the
broken curves, whose parameters are given by t; =, = 1.0,
s =0.6,06=00,and A =1.5.

inequivalent dimers. A schematic of the model is illustrated
in Fig. 1(a). The inequivalence between the two dimers is
characterized using difference between the intradimer
hoppings #; and #, and chemical potential difference o.
We also consider the collinear dimer antiferromagnetic
(DAF) state, where the up-(down-)spin electrons are
located on A and A’ (B and B’). This DAF state is not
invariant to any combination of time reversal with trans-
lation or rotation operations because of dimer inequiva-
lence. Thus, isotropic spin splitting is expected in this
dimer collinear DAF state.

To determine the mechanism of spin splitting in
this model, we consider the following tight-binding
Hamiltonian for the DAF state:

H= chto'Ha(k)ckm (l)
k.o
oA 1 A(k) 0
T oA 0 A(k) )
LAk 0 —cA+6 f ’

where c;c-a - (Cj&ka’ C;Z’ka’ Cgka’ C;’ka)’ A(k) = S(l + e_ik)

and A denotes the gap induced by the DAF order. The
spin index o takes +1 and —1 for the up and down spins,
respectively. The eigenvalues of this Hamiltonian are
given by

Ey,s(k)=8/2+1, £[(cA+1_—5/2)>+25s*C(k)]"/?, (3)

E .+ (k)=68/2—t, £ [(6A—t_—5/2)*+2s>C(k)]"/?, (4)

where t. = (t; =1,)/2 and C(k) = (1 + cosk). Thus,
spin splitting of the bands is induced by 7_ = (¢, — 1,)/2
and 6, i.e., inequivalence of the dimers. From these
expressions, it is evident that the differences in intradimer
hoppings have the similar gap-opening effect as the
differences in the chemical potentials. Because ¢_ and ¢
are independent of the wave number, spin splitting is
isotropic.

Figure 1(b) shows the electronic band structures of the
Hamiltonian defined in Eq. (2) for a typical parameter set.
We also plot the band structures when the two dimers are
equivalent (¢; = 1, and 6 = 0). As expected, isotropic spin
splitting occurs in the band structures. At commensurate
filling (i.e., three-quarter, half, and quarter filling), the DAF
state is insulating, and the net magnetization is zero because
the number of up and down bands below the Fermi energy
are the same. Thus, the DAF state at the commensurate
filling is the fully compensated ferrimagnets with isotropic
spin splitting.

Crystal and electronic structures of (EDO-TTF-1),ClO4.—
First, we summarize the crystal structure of (EDO-
TTF-1),Cl0,. (EDO-TTF-1),Cl0, consists of EDO-TTF-I
molecule with 4+1/2 charge (3/4 filling) and anion ClO,
layers. Above 190 K, the unit cell contains two EDO-TTF-I
molecules and space inversion symmetry is macroscopi-
cally protected because of the random orientation of ClOy.
By lowering the temperature, the structural phase transition
with anion ordering occurs at approximately 7 = 190 K,
which induces unit-cell doubling, as evidenced by the x-ray
analysis. As shown in Fig. 2(a), each unit cell contains four
molecules in the low-temperature phase. A and A’ (B and
B’) molecules in a unit cell form a dimer, referred to as
dimer I (dimer II). The inversion centers are at the centers of
each dimer. The inequivalence of the dimers I and II can
also be understood from the partial densities of states,
which are shown in the Supplemental Material [24].
Because dimers I and II are inequivalent after the structural
phase transition, (EDO-TTF-I),ClO,4 will exhibit compen-
sated ferrimagnetism if appropriate antiferromagnetic
order occurs. We note the related organic compound
(EDO-TTF-I),PFq [25] has similar crystal structures;
however, all the dimers are equivalent. This indicates that
the ordering of ClO, plays an essential role in realizing
inequivalent dimers.

Next, we summarize the low-temperature electronic
structure of (EDO-TTF-1),ClO,4. Although the resistivity
exhibits semimetallic behavior immediately after the struc-
tural phase transition, a metal-insulator phase transition
occurs at approximately 7 = 95 K [23]. It is confirmed that
the metal-insulator transition does not accompany a struc-
tural change. As explained later, ab initio analysis suggests
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that the DAF ordering is the origin of the insulating phase
although the origin of the metal-insulator transition is not
experimentally clarified yet.

Ab initio effective Hamiltonian for (EDO-TTF-1),ClO,.—
To investigate the electronic structures of the low-temper-
ature phase in (EDO-TTF-I),ClO,, we derive the ab initio
low-energy effective Hamiltonian, based on band structures
obtained by the density functional theory (DFT). We use
Quantum ESPRESSO [26] to obtain the DFT bands. In this
study, we employ the optimized norm-conserving Vanderbilt
pseudopotentials and plane-wave basis sets [36,37]. The
exchange-correlation functional used in this study is the
generalized gradient approximation proposed by Perdew,
Burke, and Ernzerhof [38]. The cutoff energy of the wave
functions and charge densities are set to be 80 and 320 Ry,
respectively. During the self-consistent loop process, a 5 x
5 x 3 uniform k-point grid and Methfessel-Paxton smearing
method are used [39]. We use the crystal structure data at
100 K [23]. We perform structural optimization for hydrogen
atoms and use the optimized structure in the following
analyses. In the DFT calculations, we only consider the
paramagnetic solutions. Figure 2(b) shows the obtained
energy band structures of (EDO-TTF-1),ClO,. The four
bands around the Fermi level, which are isolated from the
other bands, mainly consist of the highest occupied molecular
orbitals of the four EDO-TTF-I molecules in the unit cell
(A, A’, B, and B’). We select these four bands as the low-
energy degrees of freedom and use them to construct the
maximally localized Wannier functions (MLWFs) using
RESPACK [27]. Isosurfaces of the MLWFs are shown in
Fig. 2(a). In addition, we confirm that the bands interpolated
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FIG. 2. (a) Crystal structure of (EDO-TTF-I),ClO, at T =
100 K and the real-space distribution of maximally localized
Wannier functions (MLWFs) drawn by VESTA [35]. Anions ClO,
are represented by balls and rods. Colors of anions represent their
orientations. Because of the different configurations of anions
around the dimers, two dimers (A-A’ and B-B’) become in-
equivalent. Black lines show the unit cell including four mole-
cules. (b) Energy band structure obtained by the DFT calculation
(red lines) and the MLWFs (blue circles) for the paramagnetic
states. The Fermi energy is set to zero.

by the MLWFs accurately reproduce the DFT band structures
[Fig. 2(b)].

After constructing MLWFs, we derive a low-energy
effective Hamiltonian, which is given by

Hepo = Hy + Hip,

_ T
Hy = Z LiajpCiacCipos

i.ja.p.o
1
Hiyy = ZUia”iaT’?m + ) Z ViajﬂNiaNjﬁ’v (5)
ia ij.ap
where CITM (¢iqs) 18 @ creation (annihilation) operator for an

electron in the ith unit cell with orbitals & = A, A/, B, B,
and spin 6. The number operators are defined as n;,, =
c:fwc,-aa and N, = njet + n;,) . The transfer integrals 7,5
are evaluated using the MLWFs. We also evaluate the
screened Coulomb interactions U, and Vs using the
constrained random phase approximation [40,41] imple-
mented in RESPACK [27]. We set the cutoff energy of the
polarization function to 5.0 Ry. Details of the transfer
integrals and interaction parameters are summarized in the
Supplemental Material [24]. We note that the difference in
the intradimer hoppings #; and ¢, and the existence of the
site potential ¢ indicate the inequivalence of the dimers. In
actual calculations, we subtract a constant value Appg from
on-site and off-site Coulomb interactions to consider the
interlayer screening [28,29]. Following previous studies
[29-32], we employ Appr = 0.2 eV. We confirm that the
results are insensitive to Appr. We also perform an
electron-hole transformation to reduce the numerical cost.
Many-variable variational Monte Carlo (mVMC)
analysis.—The effective Hamiltonian is solved using the
mVMC method [33,42], which can take into account
quantum fluctuations and spatial correlations seriously.
The trial wave function used in this study is given by

|l//> = PGPJ£S|¢pair>’ (6)

Pg = exp {Zginm”u]’ (7)

1
PJ = exp |:§ ZUUNlN]] s (8)
i#]

Nsile

N./2
|¢pair> = [thjcjﬁch} |O>’ (9)

ij

where Pg, P;, and Ly are the Gutzwiller factor [43], long-
range Jastrow factor [44,45], and total spin projector
[46,47], respectively [33,48]. N, and N, indicate the
number of electrons and sites, respectively. We impose a
1 x 4 sublattice structure on variational parameters. We use
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FIG. 3. (a) Schematic of the DAF state and representative
hopping integrals (#;—t¢) in the conducting layer of

(EDO-TTF-I),ClO,. (b) Spin structure factor obtained by the
mVMC method for L, =L, = 12. Sharp peaks appear at
q =(0,7/2),(0,37/2), which correspond to the DAF state.
(c) Size dependence of the peak value of the spin structure
factors. (d) Doping dependence of the chemical potential.

the Hartree-Fock approximation results as the initial f;;
values. The spin-singlet projection (S =0) is used in
ground-state calculations for L, = L, < 8, while it is not
used for L, = L, > 10 to reduce the numerical costs. We
confirm that the spin projection does not largely affect
physical quantities, such as the spin structure factors. All
variational parameters are simultaneously optimized using
the stochastic reconfiguration method [49].

As detailed in the Supplemental Material, the Hartree-
Fock approximation shows that the DAF state [Fig. 3(a)] and
antiferromagnetic states with charge ordering (AF + CO)
are ground-state candidates. Within the Hartree-Fock app-
roximation, the ground state of the effective Hamiltonian is
the AF 4 CO state. However, using the mVMC method, we
find that the DAF state becomes the ground state of the
effective Hamiltonian. We also find that the AF 4 CO state
converges to the DAF state after optimization, even when
using the variational parameters of AF 4 CO state as the
initial state. This result indicates that correlation effects
beyond the mean-field approximation are important in
stabilizing the DAF state.

To examine the existence of long-range antiferromag-
netic order, we calculate the spin-correlation functions of
the ground state, defined as

1 4
S(a) = Gy 2ASi - Spe i,

(l\lsite>2 i.j (10)

where the original lattice structure is mapped to the
equivalent L, x4L, square lattice for simplicity.

Figure 3(b) shows S(g) in the momentum space, with
sharp Bragg peaks at (q,. g,) = (0,7/2) and (0,37/2). As
shown in Fig. 3(c), we confirm that the peak values of S(q)
remain finite in the thermodynamic limit. We also confirm
that charge densities are uniform and there is no signature
of a charge-ordered state. These results show that the
ground state of the effective Hamiltonian is the DAF state.
In addition, we calculate the charge gap A, given by
A, =u(N.+ 1) —u(N,— 1), where the chemical poten-
tial is defined as u(N.+ 1) = [E(N. +2) — E(N,)]/2.
Figure 3(d) shows the doping rate y; = N./Nge — 1.5
dependence of the chemical potential. From this plot, we
estimate the charge gap [A, = u(N, + 1) —u(N.,—1)] as
A. ~ 0.4 eV. This result indicates that the ground state of
(EDO-TTF-I),ClOy is the DAF insulator.

Spin splitting.—Based on the results obtained using the
mVMC method, we analyze spin splitting in the DAF state
using the Hartree-Fock approximation (for more details, see
Ref. [24]). We assume the DAF order and scale the
interaction parameters to reproduce the charge gap A, ~
0.4 eV obtained from the mVMC calculations. The scaling
ratio A, which monotonically scales the on-site and off-site
Coulomb interactions, is estimated to be 1= 0.7. The
details of the Hartree-Fock calculations are provided in the
Supplemental Material.

Using the Hartree-Fock approximation, we calcu-
late the density of state (DOS) defined as D,(w) =
(Lo Ly)™" > g Im(w — in — Ey ., +p)~", where p and
n are the chemical potential and the smearing factor,
respectively. Ej,, denotes the nth eigenvalue of the
mean-field Hamiltonian at momentum k. We set
n = 0.002 eV. As shown in Fig. 4(a), spin splitting occurs
in the DAF order [D} (@) # D (w)]. The electronic band
dispersions in Fig. 4(b) also show isotropic spin splitting
over the entire Brillouin zone. This demonstrates that
(EDO-TTF-I),ClO, can be fully compensated ferrimagnets
if a DAF order occurs.

Here, we analyze the origin of spin splitting in
(EDO-TTF-I),ClOy. As in the case of the simple model,

FIG. 4. (a) DOS of the low-energy effective Hamiltonian
(EDO-TTF-I),ClO, for the DAF state obtained by the Hartree-
Fock approximation. DOS for up (down) spin is described by the
red (blue) lines. (b) Band dispersions of the DAF state obtained
by the Hartree-Fock approximation. The red (blue) surfaces
describe up-spin (down-spin) band dispersions.
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t_=(ty —t,)/2 and & can induce spin splitting. From
the ab initio calculations, we find that 1 = 0.036 eV is
comparable to 6 = 0.047 eV. Thus, spin splitting in
(EDO-TTF-I),ClO, is induced by both 7_ and 5. One
might think that finite § would make the total magnetization
finite; however, a charge gap guarantees that the total
magnetization is robust against perturbations. In this case,
the total magnetization is zero at § = 0 and remains zero
even if o is added, provided that ¢ is significantly smaller
than the charge gap.

Summary and discussion.—In this Letter, we present a
simple method to realize fully compensated ferrimagnetism
using the dimer degrees of freedom, which are typical of
organic compounds. Using a simple model, we demonstrate
that the inequivalence of the two dimers and DAF order can
induce fully compensated ferrimagnets at commensurate
filling. Furthermore, ab initio calculations suggest that the
ground state of (EDO-TTF-I),ClO, is a DAF insulator with
inequivalent dimers. As a result, the DAF order induces
isotropic spin splitting in the electronic band structure. Our
study shows that the key to realizing compensated ferri-
magnetism lies in inequivalent dimer structures induced by
anion ordering. This finding offers an unanticipated direc-
tion in materials design, where exotic magnetism can be
achieved by selecting and modifying anions to exhibit
anion ordering. The discovery of compensated ferrimag-
netism in inequivalent dimer structures, as well as the
potential for materials design using anion ordering, dem-
onstrates that organic compounds offer a versatile platform
for realizing exotic magnetism. An intriguing future issue
would be to examine the doping effects in the DAF
insulating state. Because the lowest unoccupied band is
fully polarized and its DOS is large [Fig. 4(a)], unconven-
tional superconductivity, such as triplet superconductivity,
is expected [50]. Further experimental and theoretical
investigations in this direction are desirable.
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